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Excited states in 212Po have been populated by α transfer using the 208Pb(18O, 14C) reaction at
85 MeV beam energy and studied with the EUROBALL IV γ multidetector array. The level scheme
has been extended up to ∼ 3.2 MeV excitation energy from the triple γ coincidence data. Spin and
parity values of most of the observed states have been assigned from the γ angular distributions
and γ − γ angular correlations. Several γ lines with Eγ < 1 MeV have been found to be shifted by
the Doppler effect, allowing for the measurements of the associated lifetimes by the DSAM method.
The values, found in the range [0.1-0.6] ps, lead to very enhanced E1 transitions. All the emitting
states, which have non-natural parity values, are discussed in terms of α-208Pb structure. They are
in the same excitation-energy range as the states issued from shell-model configurations.
PACS numbers: 25.70.Hi, 27.80.+w, 23.20.-g, 21.60.Gx
I. INTRODUCTION
The 212Po nucleus is the last member of the 232Th ra-
dioactive chain. As early as 1916, Rutherford and Wood
discovered [1] the emission of α particles from the end
of this chain, the ”active deposit” of thorium (formerly
named as ThB). Many years later, this was interpreted
as the α decays of several states of 212Po, particularly its
ground state which is a pure α emitter, with a very short
half-life, 0.299(2) µs. Afterwards new α activities were
produced by heavy/light-ion bombardments of bismuth
and lead, and their decay spectra were measured [2].
These studies have shown that an α-line at 11.6 MeV
arises directly from an isomeric state of 212Po with a half-
life of 45 s, i.e. 1.5×108 longer than the ground-state one.
The very large hindrance factor for this α emission was
explained by spin and parity assignments of 18+ for the
212Po isomeric state, which has been located at 2.9 MeV
excitation energy.
Besides these two extreme states, other levels were
identified from the β-decay of the two long-lived states
of 212Bi or via light-ion induced transfer reactions, such
as (18O,14C) or (9Be,α n) on a 208Pb target [3, 4], and
all the yrast levels were discussed in terms of shell model
configurations. The 212Po nucleus has been also studied
in neutron-evaporation channels from total-fusion reac-
tions, using either a radioactive target [5], 210Pb(α, 2n),
or a radioactive beam [6, 7], 208Pb(8He,4n). However,
the limited number of the target nuclei or the projectiles
did not sizeably improve the spectroscopic data obtained
in the 208Pb(9Be,α n) reaction [4].
There were numerous attempts to give a microscopic
description of the α decay of the ground state of 212Po.
The use of shell-model configurations fails to reproduce
the large value of its rate by an order of magnitude,
meaning that the α-particle formation is badly predicted
within this approach. When complemented by cluster-
model-type basis states [8], the decay width is predicted
in good agreement with the experimental value, the
amount of α clustering in the ground state of 212Po being
∼0.3. This is not far from the high degrees of clustering
well known in some light nuclei where the two neutrons
and the two protons occupy the same orbit, which is not
fulfilled in the present case.
The existence of the α cluster would also act upon the
properties of the excited states of 212Po. Whereas shell-
model approaches work well to predict the excitation en-
ergy of the yrast states [4], they cannot reproduce their
large experimental B(E2) transition strengths, which are
well accounted for from the α clustering (see for instance
refs. [9–12]). All these results point to the fact that the
positive-parity yrast states do contain both components,
shell-model configurations and α clustering, which are
not easy to disentangle.
In this paper, we present a new class of excited states of
212Po, which have non-natural parity and are connected
by enhanced E1 transitions to the yrast states. Low-lying
shell-model excitations do not lead to such non-natural
parity states and these states are the first experimen-
tal evidence of ”pure” α-cluster states in heavy nuclei.
The 212Po nuclei have been obtained using the (18O,14C)
transfer reaction on a thick 208Pb target and γn mea-
surements have been performed. The experimental con-
ditions and the various analysis techniques are presented
in section II. Section III is devoted to the experimen-
tal results which comprise i) the analysis of the reaction
mechanism leading to the 212Po channel, ii) the new level
scheme of 212Po, iii) the lifetime measurements using the
Doppler Shift Attenuation Method (DSAM) , and iv) the
α branching ratios of the yrast states. In the last part
2(section IV) we review several properties of the first ex-
cited states of 212Po in order to underline the contribu-
tion of the α-clustering. Then we discuss the oscillatory
motion of the α-core distance which may give rise to non-
natural parity states.
A letter highlighting parts of the present study has
been recently published [13].
II. EXPERIMENTAL DETAILS
A. Reaction, γ-ray detection and analysis
Excited states in 212Po were populated by α transfer
using the 18O+208Pb reaction, the 18O beam with an en-
ergy of 85 MeV being provided by the Vivitron tandem
of IReS (Strasbourg). A 100 mg/cm2 self-supporting tar-
get of 208Pb was employed, which was thick enough to
stop the recoiling 212Po nuclei. It is worth noting that
due to this large thickness, the 18O beam was stopped
in the Pb target too, and therefore the incident energy
covered a large range of values, above and below the
Coulomb barrier. The kinematics of the α transfer lead-
ing to high-spin states in 212Po in this experiment is de-
tailed below (see sect. III A). The de-exciting γ-rays were
recorded with the EUROBALL IV array consisting of 71
Compton-suppressed Ge detectors [14] (15 cluster germa-
nium detectors placed in the backward hemisphere with
respect to the beam, 26 clover germanium detectors lo-
cated around 90◦, 30 tapered single-crystal germanium
detectors located at forward angles). Each cluster de-
tector is composed of seven closely packed large-volume
Ge crystals [15] and each clover detector consists of four
smaller Ge crystals [16]. The 239 Ge crystals of the Eu-
roball array could be grouped into 13 rings, with the
following angles with respect to the beam axis, 15.5◦ (5
crystals), 34.6◦ (10), 52.3◦ (15), 72.2◦ (26), 80.9◦ (26),
99.1◦ (26), 107.5◦ (26), 122.6◦ (10), 130.5◦ (30), 138.7◦
(25), 148.1◦ (15), 155.9◦ (15), and 163.5◦ (10), i.e. 3
rings forward, 4 rings close to 90◦ and 6 rings backward
with respect to the beam axis.
Events were recorded on tape when at least 3 unsup-
pressed Ge detectors fired in prompt coincidence. In this
way, a set of ∼ 4×109 three- and higher-fold events were
available for subsequent analysis, but only a small part
of these data corresponds to 212Po events. Indeed the
main objective of the experiment was actually the study
of the fusion-fission channel which leads to the produc-
tion of the high-spin states of ∼ 150 fragments, mainly
located on the neutron-rich side of the valley of stabil-
ity [17]. The 212Po study became itself a goal when it
turned out that its main γ lines were strong enough in
our data set to be precisely analyzed. We have estimated
that the cross section of the exit channel leading to 212Po
is ∼ 10-20 mb, i.e. ∼ 10-20% of the cross section of the
fusion-fission channel.
Various procedures have then been used for the of-
fline analysis in order to fully characterize the excited
levels of 212Po (excitation energy, spin and parity val-
ues, decay modes, and multipole matrix elements). Both
multi-gated spectra and three-dimensional ’cubes’ have
been built and analyzed with the Radware package [18],
starting from the known transitions deexciting the yrast
states [4].
B. γ angular distributions and γ-γ angular
correlations
We have checked whether the reaction mechanism in-
volved here leads to spin alignments of 212Po with re-
spect to the beam axis. Thus we have chosen several
yrast transitions which are known to be quadrupole ones
with ∆I = 2 (such as the 727, 405, and 357 keV transi-
tions) or dipole ones with ∆I = 1 (such as the 577 keV
one). Their angular distributions have been found to be
symmetric around 90◦ (see examples in fig.1), the inten-
sity of the quadrupole transitions being maximum along
the beam axis, whereas the one of the dipole transition
is maximum at 90◦, demonstrating that the spins are
aligned in a plane perpendicular to the beam axis. When
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FIG. 1: (color online) Angular distribution of some yrast tran-
sitions in the 212Po nucleus produced in the 208Pb(18O,14C)
reaction. Solid lines are the fits using the standard Legendre
polynomials.
fitted using standard Legendre polynomials P2,4(cos
2θ),
the obtained values of the angular coefficient A2/A0 in-
dicate that the alignment is partial, with an attenuation
coefficient α2 ∼ 0.7 [19].
This allowed us to analyze each gamma-ray angular
distribution to determine its multipole order. In order
to characterize the transitions having too weak intensity
to be analyzed in that way, their anisotropies have been
determined using the intensities measured at two angles
relative to the beam axis, RADO=Iγ(39.3
◦)/ Iγ(76.6
◦),
these two angles being the average angle of the tapered
and cluster detectors in the one hand, and the average
angle of the clover detectors in the other hand, when
taking into account the symmetry of the distribution
around 90◦. Assuming the same attenuation coefficient
as mentioned above (α2 ∼ 0.7) theoretical ADO ratios of
0.85 and 1.30 are expected for pure stretched dipole and
quadrupole transitions, respectively.
3The analysis of γ-γ angular correlations of the most
intense transitions has been also performed, in order to
get rid of the spin alignment process. For that purpose,
the coincidence rates of two successive γ transitions are
analyzed as a function of Θ, the average relative angle
between the two fired detectors. The Euroball IV spec-
trometer had C2239 = 28441 combinations of 2 crystals,
out of which only ∼ 2000 involved different values of rel-
ative angle within 2◦. Therefore, in order to keep rea-
sonable numbers of counts, all the angles (taking into
account the symmetry around 90◦) have been gathered
around three average relative angles : 22◦, 46◦, and 75◦
.
The coincidence rate is increasing between 0◦ and
90◦ for the dipole-quadrupole cascades, whereas it de-
creases for the quadrupole-quadrupole or dipole-dipole
ones. More precisely, the angular correlation functions
at the three angles of interest were calculated for several
combinations of spin sequences (see table I), correspond-
ing to typical multipole orders (quadrupole, dipole) and
typical spin changes (∆I = 2, 1, 0). In order to check the
method, angular correlations of transitions belonging to
the yrast cascades of the fission fragments produced in
this experiment and having well-known multipole orders
were analyzed and the expected values were found in all
cases [20].
TABLE I: Values of the angular correlation functions ex-
pected for several combinations of spin values, normalized to
the ones calculated at 75◦: For each I1 → I2 → I3 sequence
given in the first column, the spin changes due to the two
consecutive transitions are given in the second column.
I1 → I2 → I3 ∆I R(22
◦) R(46◦) R(75◦)
sequence values
6-6-4 0-2 1.23 1.12 1.00
6-4-2 2-2 1.13 1.06 1.00
5-4-3 1-1 1.06 1.03 1.00
5-4-2 1-2 0.92 0.96 1.00
7-6-6 1-0 0.91 0.95 1.00
C. Linear polarization
Linear polarization can be measured by the use of seg-
mented detectors acting as a Compton polarimeter, such
as the clover detectors of the Euroball IV array [21]. We
have performed such an analysis and have confirmed that
the three most intense transitions of 212Po have an elec-
tric nature. Unfortunately the analysis of the transitions
with weaker intensity (even those belonging to the yrast
band) could not be done. While single-gated spectra are
useless because of the large background, the statistics of
the peaks in the double-gated clover spectra are too low
to precisely measure the effect we are looking for (the
counts in the ’Vertical’ and the ’Horizontal’ spectra have
to differ by less than 10%). We have to stress that in
this experiment, the major part of the γ-rays are emit-
ted by the fragments of the fusion-fission exit channel, the
summed multiplicity of their γ-ray cascades being around
20. On the other hand, the 212Po exit channel has a low
γ-multiplicity. Such a situation is not as favourable as
that of a rotational structure typically studied in a fusion-
evaporation reaction, even weakly populated, since the
high folds of their events strongly enhance the statistics
of the multi-gated spectra.
D. Lifetime measurements
The stopping time of 212Po in the Pb target is about
one picosecond, thus it would have been expected that all
the transitions lying in the low-energy part of the level
scheme are emitted at rest. Nevertheless we have found
several γ-rays with Eγ < 1 MeV which exhibit shifts and
broadenings in energy due to the Doppler effect, meaning
that they are emitted in flight and thus the corresponding
excited states do have lifetimes shorter than 1 ps.
The lifetime determination using the Doppler-shift
attenuation method (DSAM) is based on the time-
correlation between the slowing-down of the recoiling ion
and the decay of the nuclear level of interest (cf. e.g.
ref. [22]). At a fixed direction of observation, e.g. at
an angle θ with respect to the beam axis, the spectrum
(line-shape) of the registered γ-rays is given, because of
the relation EShγ = Eγ0(1 + vθ/c), by the following for-
mula:
Sij(Eγ) = bij
∞∫
−∞
dEShγ Φ(Eγ , E
Sh
γ )
∞∫
0
dtPθ(t, vθ)λini(t)
(1)
Here, vθ is the velocity projection on the observation
axis, the function ni(t) represents the time-dependent
population of the level i, λi is its decay constant and
bij is the branching of the de-exciting transition i →
j. The recorded γ-ray spectrum is obtained by a con-
volution (folding) with the response function Φ of the
detector. The quantity Pθ(t, vθ) is the stopping matrix
which represents the normalized distributions of the ve-
locity projection vθ at different times t. Depending on
the experimental situation, additional corrections for ge-
ometry, efficiency, angular correlation and kinematics ef-
fects (cf. ref. [22]) have also to be taken into account
in Eq. 1. To reproduce the line-shape and derive the
lifetime, it is necessary to correctly determine Pθ(t, vθ),
which describes the stopping process, and to solve Eq. 1
with respect to the decay function λini(t) of the level of
interest i. Thereby, the influence of the feeding i.e. of
the cascade history has also to be considered.
For the description of the slowing-down process via
Monte-Carlo methods (i.e. for the calculation of the ma-
trix Pθ(t, vθ)) we used a modified version of the com-
puter code DESASTOP [23, 24] by G. Winter (cf. also
ref .[25]).
4III. EXPERIMENTAL RESULTS
A. Kinematics of the reaction
The Doppler effect, if any, can be used to determine the
direction and the modulus of the velocity of the recoiling
nuclei produced in the reaction. Fortunately, the 780 keV
transition, located in the high-energy part of the level
scheme (this is discussed below, see sect. III B), displays
only shifted components. This can be seen in the triple
gated spectrum drawn in figure 2. The 780 keV transition
is shifted and broadened by the Doppler effect, whereas
the 727 keV (2+ → 0+) transition is emitted by a fully
stopped nucleus. We have precisely measured the energy
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FIG. 2: (color online) Parts of typical triple-gated spectra
as a function of the detection angles -tapered Ge (forward
angles), clover Ge (around 90◦) and cluster Ge (backward
angles)- emphasizing the Doppler shift and broadening of the
780 keV transition, whereas the energy and the width of the
727 keV line do not depend on the detection angle. The two
dashed lines indicate the 727.1 keV and 780.4 keV energies.
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FIG. 3: (color online) Energy of the Doppler-shifted line
around 780 keV as a function of the detection angle. The red
curve is the best fit obtained for a relative velocity v
c
=1% and
a transition energy of 780.4 keV. The blue curve corresponds
to the velocity of the 226Th compound nucleus, v
c
=0.8%.
of the 780 keV transition as a function of the detector
angle, the results are displayed in fig. 3. The symmetry
around 90◦ implies that the 212Po nuclei recoil along the
beam axis. The best fit gives vc=1% and a transition
energy of 780.4 keV.
The direction and the modulus of this velocity indicate
that the 14C ejectiles are also emitted along the beam
axis, but in the backward direction1, which is in perfect
agreement with previous results. Many years ago, trans-
fer reactions induced by 16O on 208Pb have been stud-
ied [26] in the energy range of 77 to 102 MeV, the scat-
tered particles being identified using Si telescopes and
their angular distribution measured in interval of 5-10◦
over the angular range of 30◦ to 160◦ in the laboratory
system. The results are typical of a grazing collision,
showing an energy dependence of the maximum of the
distribution, which moves from 60◦ for 102 MeV incident
beam to more than 160◦ for 80 MeV. Some years later,
using the transfer reaction 208Pb(18O, 14C) at bombard-
ing energies below 80 MeV [3], the first excited states of
212Po have been identified from the coincidences between
backscattered ejectiles (within an angular range of 151◦
≤ θlab ≤ 166◦) and γ-rays.
B. Level scheme of 212Po
We fully agree with the results previously obtained on
the level scheme of 212Po [4, 6, 7], confirming both the
identified γ-rays and their placement in the level scheme.
Moreover we have assigned about 50 new γ-rays to 212Po,
de-exciting 35 new excited states, about ten of which are
located above 2.92 MeV, the energy of its (18+) long-
lived state.
Typical coincidence spectra of 212Po are presented in
figure 4. By requiring two conditions among the three
most intense lines (727, 405 and 223 keV), almost all
transitions of 212Po can be seen, the most intense ones
are labeled in figure 4a. The 810 keV transition is lo-
cated just above the 727 keV level line and cannot be
seen in this spectrum. The spectrum of γ-rays in dou-
ble coincidence with the 727 keV and 810 keV transi-
tions (see figure 4b) shows the transitions belonging to
the part of level scheme lying above the 810 keV tran-
sition. The three last spectra displayed in figures 4c,
4d and 4e have been obtained by triple gating on three
transitions of 212Po, showing different parts of the level
scheme which are well populated by the reaction used in
this work. In the spectrum gated by two transitions of
the yrast band and by the 432 keV line, one can even
notice the Doppler-broadened 780 keV transition, which
has allowed us to extract the velocity of the recoiling nu-
clei (see section IIIA).
1 If the 14C ejectiles were emitted forward, the velocity of 212Po
would be smaller than the velocity of 226Th, the compound nu-
cleus of the 18O+208Pb complete fusion, i.e. 0.8%.
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FIG. 4: Background subtracted 212Po spectra built from the following γ-coincidence conditions: (a) 2 gates among 727, 405
and 223 keV; (b) 2 gates: 727 and 810 keV; (c) 3 gates: 357, 727 and (405 or 223) keV; (d) 3 gates: 432, 727 and (405 or 223)
keV; (e) 3 gates: 276, 727 and (405 or 223) keV.
All the γ-rays observed in the reaction 208Pb(18O, 14C) are reported in table II, including their relative intensity,
6the value of their anisotropy, RADO=Iγ(39.3
◦)/ Iγ(76.6
◦)
and their location in the level scheme. Results of the
angular distributions and of angular correlations for the
most intense γ-rays are given in tables III and IV. Values
of conversion coefficients for the low-energy transitions
extracted from total intensity balances done on some se-
lected gated spectra are given in table V, in comparison
with theoretical values [27].
The main feature of the level scheme of 212Po obtained
in the present work is the rather low multiplicity of the
γ cascades, meaning that the α transfer reaction induced
by 18O at a bombarding energy close to the Coulomb bar-
rier does not provide so much angular momenta. The new
212
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FIG. 5: (color online) First part of the level scheme of 212Po
determined in this work, showing the yrast part and levels
only linked to yrast states. The long-lived isomeric state at
2922(15) keV excitation energy [28], a pure α-emitter not ob-
served in the present work, is drawn for the sake of complete-
ness. The half-life of the 8+ yrast state is 14.7(3) ns (see
text). The width of the arrows is representative of the inten-
sity of the γ-rays. The transitions marked with an asterisk
exhibit Doppler shifts (see sect. IIID). The colored state is
also displayed in fig. 11.
states which have been identified are lying in a medium
range of excitation energy (2.5 MeV-3.2 MeV) and an-
gular momentum (6~-8~). For the purpose of clarity, the
level scheme has been split in two almost independent
parts which are displayed in figures 5 and 6.
The first part of the level scheme (see fig. 5) shows the
yrast states and the levels only linked to yrast states.
We have extended the yrast cascade by only one transi-
tion, 291 keV, whereas many new γ-rays have been found
to populate directly the lower-spin yrast states, some of
them having a high energy. It is worth pointing out that
both the 1620 keV and 1669 keV transitions are seen in
coincidence with the 727 keV, 405 keV and 223 keV tran-
sitions, while their possible coincidence with the 120 keV
line could be too lowered because of its very low γ in-
tensity. We have chosen to place the two high-energy
transitions directly above the 1335 keV state, but their
location above the 1475 keV state cannot be excluded.
The spin and parity values of all the yrast states are now
determined unambiguously up to the 2883 keV level with
Ipi=14+, on the basis of our results for angular distribu-
tions (table III), angular correlations (table IV), ADO
ratios (table II), as well as the internal conversion elec-
tron coefficients of the low-energy transitions (table V).
Because of the E1 multipolarity of the 69 keV and the
113 keV transitions, the negative parity of the 2409 keV
and the 2769 keV states is now clearly established.
The timing information from the germanium detectors
have been used to measure the half-life of the 8+ yrast
state. The procedures were checked using the delayed co-
incidences of isomeric states of various nuclei produced in
this experiment, as described in ref. [20]. The time distri-
bution between the emission of γ-rays located above the
1475 keV level and those below it gives T1/2 = 14(1) ns.
This is lower than the value obtained in ref. [4], which
has been adopted in the ENSDF data base [28]. On
this other hand, our value is in better agreement with
the two previous results [3, 40], T1/2 = 14.2(24) ns and
T1/2 = 14.7(3) ns, respectively. Then, we select the most
accurate value, as shown in fig. 5.
The second part of the level scheme (see fig. 6) shows
several groups of excited states linked together and to
the yrast states. Some levels display several decay paths
which limit the spin values which can be assigned to the
involved levels. For instance, the angular distribution re-
sults for the 810 keV, 971 keV and 1020 keV transitions
(see tables II and III) indicate that they are dipole tran-
sitions linking states with ∆I = 1. Thus the spin values
of the 1537 keV, 2103 keV and 2374 keV states are 3, 5,
and 7, respectively, because of their other decay observed
towards the yrast state having one unit more angular mo-
mentum (see fig. 6). Knowing that the 587 keV, 359 keV,
and 623 keV transitions are dipole transitions linking
states with ∆I = 1, the spin values of the 1787 keV,
2016 keV states are even. As for the 432 keV transi-
tion linking two levels having an even-I value, it could
be assigned quadrupole transition with ∆I = 2, as its a2
angular coefficient is +0.27(7) (see table III), or its co-
incidence rate with the 223 keV transition is maximum
at 22◦ (see table IV). Nevertheless the Ipi value of the
1787 keV state cannot be 8+, because of its link to the
2103 keV state (I = 5) by means of the 315 keV transi-
tion. It is worth recalling that a pure dipole ∆I = 0 tran-
sition has almost identical angular distribution/angular
correlations as a quadrupole ∆I = 2 one. Thus the spin
7TABLE II: γ-ray transition energies (Eγ), relative γ intensities (Iγ), angular distribution ratios (RADO), and level and spin
assignments for the 212Po nucleus.
E
(a)
γ I
(b)
γ RADO Ei Ef I
pi
i I
pi
f E
(a)
γ I
(b)
γ RADO Ei Ef I
pi
i I
pi
f
(keV) (keV) (keV) (keV) (keV) (keV)
69.2 6(3) 2769.4 2700.4 13− 12+ 566.3 14(3) 1.32(14) 2102.9 1536.8 5(−) 3(−)
113.3 3(1) 2882.8 2769.4 14+ 13− 575.6 10(3) 1.15(8) 2362.7 1786.9 6 6−
120.3 90(10) 1.28(18) 1474.9 1354.6 8+ 6+ 577.1 49(7) 0.82(2) 2409.1 1832.0 11− 10+
157.2 4(2) 2102.9 1945.6 5(−) 4− 587.5 29(5) 0.80(4) 2374.2 1786.9 7(−) 6−
171.7 5(2) 2580.8 2409.1 11− 601.9 9(3) 0.89(15) 2604.4 2002.5 5 4(−)
182.6 5(2) 1.37(16) 2882.8 2700.4 14+ 12+ 612.3∗ 27(5) 1.24(27) 1744.3 1132.0 4− 4+
205.1 5(2) 2432.8 2227.7 7 622.6 3(1) 0.78(10) 2374.2 1751.0 7(−) 8−
222.6 530(30) 1.21(3) 1354.6 1132.0 6+ 4+ 633.2 9(3) 0.82(13) 2170.0 1536.8 3(−)
229.8 3(1) 2604.3 2374.2 7(−) 633.3∗ 15(3) 1.20(16) 2465.3 1832.0 10− 10+
234.6 4(2) 1.16(13) 1985.7 1751.0 8(−) 8− 633.6 9(3) 2420.5 1786.9 6−
249.7 3(1) 2235.5 1985.7 8(−) 637.3 2(1) 2469.6 1832.0 9(−) 10+
255.2 2(1) 3035.3 2780.2 10 661.3∗ 51(7) 1.19(9) 2015.9 1354.6 6− 6+
259.6 5(2) 2362.7 2102.9 6 5(−) 718.4 20(5) 0.76(4) 2469.6 1751.0 9(−) 8−
264.7 7(2) 0.99(9) 2280.7 2015.9 6− 727.1 – 1.14(2) 727.1 0.0 2+ 0+
276.1∗ 58(10) 1.28(7) 1751.0 1474.9 8− 8+ 740.2∗ 7(3) 3209.8 2469.6 9(−)
291.4 3(2) 3174.2 2882.8 (15) 14+ 748.1 6(3) 2102.9 1354.6 5(−) 6+
310.8 3(2) 2780.2 2469.6 10 9(−) 757.2∗ 8(3) 2860.1 2102.9 5(−)
315.5 3(2) 2102.9 1786.9 5(−) 6− 758.4 10(3) 1.15(11) 2295.2 1536.8 3(−)
357.1 170(20) 1.26(3) 1832.0 1474.9 10+ 8+ 774 2(1) 2525.0 1751.0 8−
358.5 11(3) 2102.9 1744.3 5(−) 4− 780.4∗ 23(5) 1.34(9) 3154.7 2374.2 7(+) 7(−)
358.6 11(3) 0.85(10) 2374.2 2015.9 7(−) 6− 809.7 76(10) 0.83(6) 1536.8 727.1 3(−) 2+
360.2 10(3) 1.26(15) 2769.4 2409.1 13− 11− 813.6∗ 34(5) 1.13(8) 1945.6 1132.0 4− 4+
371.0 3(1) 2780.2 2409.1 10 11− 853.4 7(2) 0.98(20) 2604.3 1751.0 8−
397.7∗ 9(3) 2867.3 2469.6 9(−) 860.3 5(2) 0.74(15) 2335.1 1474.9 9 8+
404.9 924(25) 1.19(2) 1132.0 727.1 4+ 2+ 868.4 19(4) 1.18(6) 2700.4 1832.0 12+ 10+
405 6(3) 1536.8 1132.0 3(−) 4+ 873.1 14(3) 0.84(5) 2227.7 1354.6 7 6+
406.6∗ 2(1) 3010.9 2604.3 875.0 4(2) 2877.5 2002.5 4(−)
410.7 2(1) 1.08(16) 3111.1 2700.4 12+ 899.0 4(2) 2374.2 1474.9 7(−) 6+
432.3∗ 75(10) 1.22(6) 1786.9 1354.6 6− 6+ 926.2 6(3) 0.67(14) 2280.7 1354.6 6+
452.3 4(2) 2861.4 2409.1 11− 953.1 8(3) 1.13(29) 2085.1 1132.0 4+
465.7 50(5) 0.89(9) 2002.5 1536.8 4(−) 3(−) 968.9 14(3) 0.86(10) 2100.9 1132.0 5 4+
474.9 3(1) 2940.2 2465.3 10− 971.1 26(5) 0.79(7) 2102.9 1132.0 5(−) 4+
483.7 4(2) 2469.6 1985.7 9(−) 8(−) 994.9 4(2) 2469.6 1474.9 9(−) 8+
484.5 7(3) 2235.5 1751.0 8− 1005∗ 6(3) 2837 1832.0 10+
490.2∗ 5(2) 1.26(15) 2864.5 2374.2 7(+) 7(−) 1020 8(2) 0.76(7) 2374.2 1354.6 7(−) 6+
492.8 2(1) 3193.2 2700.4 12+ 1049∗ 9(3) 1.03(17) 2881 1832.0 10+
502.9 3(1) 2335.1 1832.0 9 10+ 1172.7 2(1) 3004.7 1832.0 10+
510.9 26(5) 1.10(9) 1985.7 1474.9 8(−) 8+ 1371∗ 6(3) 1.16(20) 3203 1832.0 10+
518.4 3(1) 2880.9 2362.7 6 1620∗ 6(3) 2975 1354.6 6+
563.8∗ 10(3) 2666.7 2102.9 5(−) 1669∗ 5(2) 3024 1354.6 6+
(a) Uncertainties in transition energies are typically between 0.1 and 0.5 keV. Transitions showing Doppler shift and
broadening are marked by an asterisk, their energy uncertainty can be larger (up to 2 keV).
(b) Intensities measured in this experiment (i.e. with the requirement that a minimum of three unsuppressed Ge detectors
fired in prompt coincidence) are normalized to the sum of the values of the two transitions populating the 2+1 state,
Iγ(404.9 keV) + Iγ(809.7 keV) = 1000.
value of the 1787 keV state is fixed to 6. Four other γ-rays
drawn in fig. 6 (276 keV, 612 keV, 661 keV, and 814 keV)
share the same features as the 432 keV transition. They
exhibit Doppler shifts, they are located just above an
yrast state, their angular properties indicate that they
can be either quadrupole transitions linking states with
∆I = 2 or pure dipole transitions linking states with
∆I = 0. Thus we adopt the same conclusion for all these
transitions, they are dipole transitions linking states with
∆I = 0, in agreement with the other decay paths of the
states located above them. The negative parity of the
1744 keV, 1751 keV, 1787 keV, 1946 keV, and 2016 keV
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FIG. 6: (color online) Second part of the level scheme of 212Po determined in this work, showing several groups of excited
states linked together and to the yrast states. The width of the arrows is representative of the intensity of the γ-rays. The
transitions marked with an asterisk exhibit Doppler shifts (see sect. IIID). The colored states are also displayed in fig. 11.
TABLE III: Angular distribution coefficient (a2) and multi-
pole order of the most intense γ-rays of 212Po. The transitions
marked with an asterisk are discussed in sects. IIIC and IIID.
Eγ a
(a)
2 multipole order spin sequence
(b)
727.1 +0.16(4) ∆I=2 quadrupole 2+ → 0+
404.9 +0.20(4) ∆I=2 quadrupole 4+ → 2+
222.6 +0.18(3) ∆I=2 quadrupole 6+ → 4+
357.1 +0.24(4) ∆I=2 quadrupole 10+ → 8+
577.1 −0.25(5) ∆I=1 dipole 11− → 10+
868.4 +0.18(6) ∆I=2 quadrupole 12+ → 10+
276.1* +0.29(6) ∆I=0 dipole 8− → 8+
432.3* +0.27(7) ∆I=0 dipole 6− → 6+
465.7 −0.5(1) ∆I=1 dipole 4(−) → 3(−)
575.6 +0.3(1) ∆I=0 dipole 6→ 6−
587.5 −0.23(8) ∆I=1 dipole 7(−) → 6−
661.3* +0.26(9) ∆I=0 dipole 6− → 6+
718.4 −0.29(5) ∆I=1 dipole 9(−) → 8−
1020 −0.28(8) ∆I=1 dipole 7(−) → 6+
(a) The number in parenthesis is the error in the last digit.
(b) see text.
states will be discussed in the next section.
TABLE IV: Coincidence rates between γ-rays of 212Po as a
function of their relative angle of detection, normalized to the
ones obtained around 75◦.
Eγ-Eγ R(22
◦) R(46◦) R(75◦)
405 - 727 1.10(4) 1.06(2) 1.00(1)
223 - 405 1.10(3) 1.05(2) 1.00(1)
577 - 357 0.89(5) 0.97(4) 1.00(3)
223 - 276 1.12(6) 1.09(4) 1.00(2)
223 - 432 1.15(6) 1.12(4) 1.00(3)
223 - 661 1.22(7) 1.08(5) 1.00(3)
Due to coincidence relationships and/or spin values,
we propose two different states at 2604 keV, one deex-
cites towards the 2003 keV state by means of the 602 keV
transition, while the second one is linked to the 2374 keV
state and to the 1751 keV one (see fig. 6). Secondly, two
transitions at 968.9-971.1 keV deexcite two states close
in energy (2100.9-2102.9 keV). Both members of the dou-
blet, being clearly seen in coincidence with the two first
yrast transitions, are located just above the 1132.0 keV
level (see figs. 5 and 6). Whereas there is no other tran-
sition in coincidence with the lower-energy member, the
9TABLE V: Conversion coefficients for the low-energy tran-
sitions of 212Po extracted from intensity balances done on
gated spectra, the theoretical values come from the BrIcc
database [27]. The transitions marked with an asterisk are
discussed in sects. III C and IIID.
E α α α α adopted
(keV) (exp) (E1) (E2) (M1)
69.2 tot 0.2(1) 0.26 39.2 6.2 E1
113.3 tot < 3.0 0.33 4.26 7.77 E1
120.3 tot 3.2(5) 0.29 3.32 6.60 E2
K 0.41
182.6 tot 0.6(3) 0.10 0.65 2.00 E2
222.6 tot 0.33(5) 0.063 0.33 1.15 E2
K 0.13
276.1* tot 0.37(7) 0.038 0.162 0.635 E1(a)
K ∼ 0.4 0.031 0.081 0.516
432.3* tot 0.13(3) 0.014 0.046 0.188 E1(a)
K ∼ 0.1 0.011 0.030 0.153
(a) see sect. IIIC
higher-energy member exhibits the same coincidence re-
lationships as the 566 keV transition (see fig. 6). Lastly,
we have assumed that there is only one level at 2335 keV
(deexcited by 861 and 503 keV transitions, see fig. 5),
as well as only one level at 2281 keV (deexcited by the
265 keV and 926 keV transitions, see fig. 6) and one level
at 2235 keV (deexcited by the 250 keV and 484 keV tran-
sitions) but we could not strengthen these three hypothe-
ses because of lack of coincidence relationships.
C. Anomalous conversion coefficients of the
276 keV and 432 keV transitions
We have extracted the internal conversion electron co-
efficients of some transitions of 212Po by analyzing the
relative intensities of transitions in cascade. The in-
tensity imbalances of the 120.3 keV and the 222.6 keV
transitions measured in spectra in double coincidence
with at least one γ-ray located above them lead to
αtot(120 keV)=3.3(4) and αtot(223 keV)=0.33(4), in
good agreement with the theoretical values for E2 mul-
tipolarity [27]. In addition (see table V), we have found
αtot(276 keV)=0.37(7) and αtot(432 keV)=0.13(3).
The vacancies in the K electron shell due to the emis-
sion of an internal conversion electron lead to X-ray emis-
sion and conversely the rate of X-rays emitted in any cas-
cade is correlated to the αK values of the involved tran-
sitions. We have exploited this feature to measure some
αK coefficients. For instance, in the spectra in double
coincidence with the 79 keV Kα1 X-ray of Po and the
577 keV (or 357 keV) transition, the loss in intensity of
the 120 keV transition is three times higher than the one
of the 223 keV transition, in agreement with the ratio of
their αK coefficient [27]. In the spectrum in double co-
incidence with the 587 keV γ-ray and the 79 keV X-ray,
the 432 keV transition exhibits the same drop in intensity
as the 223 keV one (compare the A1 and A2 spectra of
fig. 7). Thus we obtain αK(432 keV) ≈ αK(223 keV,
E2)(= 0.13). In the same way (see the B1 and B2
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FIG. 7: Left: spectra of γ-rays in double coincidence with the
587 keV and 727 keV transitions (A1) and with the 587 keV
and 79 keV (Kα1 X-ray of Po) transitions (A2). Right: spec-
tra of γ-rays in double coincidence with the 718 keV and
727 keV transitions (B1) and with the 718 keV and 79 keV
transitions (B2).
spectra of fig. 7), we get αK(276 keV) ≈ αK(120 keV,
E2)(= 0.41).
The multipolarities of the 276 keV and 432 keV tran-
sitions derived from their αtot values could be M1+E2,
implying a mixing δ2 ∼ 1, i.e. 50% M1 + 50% E2. How-
ever, the occurrence of such a very large E2 component
leads to major discrepancies:
• The a2 angular coefficient computed for such mixed
multipolarities is no longer in agreement with the
measured values, as the quadrupole component
leads to a large decrease of the a2 coefficient (for
δ=+1) and even to a quasi-isotropic emission (for
δ=-1).
• The B(E2) reduced transition probability com-
puted from the lifetime of the 1751 keV state (given
in the next section) largely exceeds the recom-
mended upper limit (RUL) for γ-ray strengths:
B(E2, 276 keV) ∼ 5× 103 W.u., that is larger than
what is obtained for E2 transitions inside the su-
perdeformed bands in the Hg-Pb region, B(E2, SD)
∼ 2× 103 W.u..
It is noteworthy that the E2 component of the 432 keV
transition would lead to B(E2) ∼ 6 × 102 W.u.. Such
a large value would be the sign of a quadrupole de-
formation, implying a rotational behaviour, contrary to
what is observed (the 120 keV transition populating the
same yrast state as the 432 keV transition has B(E2)
∼ 10 W.u., see fig. 13).
As well, the E1+M2 multipolarity that could account
for the two αtot values (∼ 15–20%M2) cannot be adopted
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because of the tremendous values of the B(M2) reduced
transition probabilities calculated using the lifetimes of
the states (given in the next section).
Thus we conclude that these transitions must have a
pure E1 multipolarity, with anomalous conversion coef-
ficients. In the theoretical calculations of the conversion
coefficients such as those of ref. [27], the nucleus is as-
sumed to be a homogeneously charged sphere, i.e. with-
out any electromagnetic moment, and the electron re-
mains outside the nucleus. Nevertheless, it is well known
that the atomic electrons can penetrate within the nu-
clear charge and current distributions, giving additional
nuclear matrix elements into the expression for the rate
of internal-conversion-electron ejection [29]. Then the
conversion coefficients may have anomalous values de-
pending on nuclear structure [30, 31]. Furthermore, the
nuclear electromagnetic moments add several coupling
terms to the Dirac equation of the electron [32]. Al-
together, these effects should largely shift the values of
the conversion coefficients of the 276 keV and 432 keV
transitions since they are emitted by peculiar states hav-
ing a very large dipole moment, as outlined later (see
sect. IVD).
As a result, the 1751 keV and 1787 keV states have
a negative parity and we adopt the same conclusion for
the 1744 keV, 1946 keV, and 2016 keV states since their
decaying γ-rays share the same features as the 276 keV
and 432 keV transitions, as above mentioned. The neg-
ative parity of these five states accounts for their unique
decay to the yrast state having the same I value2.
D. Lifetime measurements
As introduced previously, several γ-rays in 212Po ex-
hibit Doppler shifts. A total of 18 transitions have been
found to display this feature (they are marked with an
asterisk in table II), implying that 18 excited states do
have shorter lifetimes than the stopping time of 212Po in
the lead target.
Seven lines – namely the 276 keV, 432 keV, 612 keV,
633 keV, 661 keV, 780 keV and 814 keV transitions – de-
exciting some of those states, could be analyzed to get
the lifetime using the Doppler-shift attenuation method
(DSAM), whereas in two cases (490 keV and 1049 keV
transitions), only a limit of the value could be obtained.
As for the 9 last cases, the statistics was too low to per-
form any analysis and the lifetimes for the corresponding
levels are assumed to be smaller than 1.4 ps, the mean
value of the stopping time of the 212Po recoils (reported
below).
2 In case of positive parity, we would have to understand why these
five states do not decay to the (I − 2) yrast states. For instance,
the E2 decay of the 1787 keV state to the 4+ yrast state at
1132 keV would be enhanced because of its energy by a factor of
8 as compared to the one to the 6+ yrast state.
The kinematics of the quasi-elastic transfer reaction
was taken into account and fine tuned using the line-
shape of the 780 keV transition which displays predom-
inantly a shifted part. The best results were obtained
under the assumption that the 212Po nuclei recoil in the
forward direction within a cone with an opening angle
of ±35◦. The electron stopping power for 212Po ions in
Pb was interpolated using the semi-empirical tables of
Northcliffe and Schilling [33] and corrected to take into
account atomic structure effects [34, 35]. The nuclear
stopping power, which is due to the interaction with the
atoms of the medium as a whole, was taken into account
according to the LSS theory [36] and the parameteriza-
tion of the universal scattering function for a Thomas-
Fermi potential given in Ref. [37]. To correct for the
effect of microchanneling in the stopping medium, the
nuclear stopping power was reduced by a factor fn = 0.7
(cf. Refs. [35, 38] for more details). According to the
calculation, the distribution of the stopping times of the
212Po recoils is characterized by a mean value of 1.35 ps
and a variance of about 0.372 ps2.
The line-shapes of the transitions to be analyzed were
obtained using the coincidence matrices by setting gates
on fully stopped γ-ray peaks belonging to transitions de-
populating levels lying below the level of interest. The
response functions of the cluster detectors in our exper-
iment was characterized by small asymmetry towards
lower energies which was taken into account too. Further,
for the line-shape analysis, the natural time-dependent
functional form of the population ni(t) of the investi-
gated level was used, namely,
ni(t) =
∑
k≥i
Cikexp(−λkt) (2)
which represents a superposition of exponentials with co-
efficients Cik determined by the decay constants λk of the
levels participating in the cascade and by the branching
ratios at every level. In the general case, a fitting proce-
dure which aims to determine simultaneously many decay
constants is hindered by the necessity to find a multipa-
rameter solution, including some parameters describing
the non-observed or side-feeding. In the present case,
however, it was established for all levels depopulated by
Doppler-shifted transitions that their observed discrete
feeding is slow, and responsible only for part of the inten-
sity of the unshifted fraction of the line-shape. The rest
of the feeding is very fast, corresponding to (nearly) di-
rect population of the levels of interest. This feature sig-
nificantly simplifies the analysis, since the intensity bal-
ance at every level unambiguously fixes the areas of the
“slow” and “fast” fractions of the lineshape. Then, the
only remaining parameter to be determined is the decay
constant of the level of interest or its lifetime (τ = 1/λ).
Examples of line-shape analysis at the forward angle
of 35◦ and the backward angle of 148◦ are displayed in
figure 8, and all the results are summarized in tables VI
and VII. As discussed previously (see sect. III B),
most of these transitions have an E1 multipolarity. All
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FIG. 8: (color online) Examples of line-shape analysis at the
forward angle of 35◦ and the backward angle of 148◦.
TABLE VI: Lifetimes measured in the present work with their
uncertainties. The decomposition of the feeding intensity into
slow and fast fractions is also indicated.
State Feeding(a) Decay τ (a)
(keV) Slow[%] Fast[%] Eγ(keV) (ps)
1744 33(7) 67(7) 612.3 0.48(15)
1751 68(4) 32(4) 276.1 0.48(20)
1787 68(3) 32(2) 432.3 0.45(8)
1946 13(4) 87(4) 813.6 0.47(15)
2016 44(3) 56(3) 661.3 0.49(16)
2465 30(4) 70(4) 633.3 0.61(16)
3155 ≈ 0 ≈100 780.4 0.12(6)
(a) the number in parenthesis is the error in the last digit.
TABLE VII: Limit values of the lifetimes derived in the
present work.
State Decay τ (a) State Decay τ (a)
(keV) Eγ(keV) (ps) (keV) Eγ(keV) (ps)
2667 563.8 ≤ 1.4 2975 1620 ≤ 1.4
2837 1005 ≤ 1.4 3011 406.6 ≤ 1.4
2860 757.2 ≤ 1.4 3024 1669 ≤ 1.4
2864 490.2 ≤ 0.55 3203 1371 ≤ 1.4
2867 397.7 ≤ 1.4 3210 740.2 ≤ 1.4
2881 1049 ≤ 0.55
the other transitions having an energy lower than 1 MeV
are also assigned as E1, since their transition strengths,
calculated for M1 or E2 multipolarities, would lead to
unexpectedly large values.
The values of the B(E1) reduced transition probabili-
ties have been calculated, taking into account the exper-
imental values of the αtot coefficients (see table V). The
results, given in table VIII, are displayed, as a function
of their location in the level scheme, in fig. 9 and will be
discussed in Sect. IVD.
TABLE VIII: Values of the B(E1) reduced transition proba-
bilities of the enhanced E1 γ-rays measured in this work.
Eγ(E1) B(E1)
(a) B(E1)(a)
(keV) (e2fm2) (W.u.)
276.1 4.6(23) 10−2 2.0(10) 10−2
398.0 ≥ 7.0 10−3 ≥ 3.0 10−3
406.6 ≥ 6.5 10−3 ≥ 2.8 10−3
432.3 1.5(3) 10−2 6.6(12) 10−3
490.2 ≥ 9.6 10−3 ≥ 4.2 10−3
563.8 ≥ 1.7 10−3 ≥ 7.6 10−4
612.3 5.7(18) 10−3 2.5(7) 10−3
633.3 4.1(11) 10−3 1.8(5) 10−3
661.3 4.4(14) 10−3 1.9(6) 10−3
740.2 ≥ 1.1 10−3 ≥ 4.8 10−4
757.2 ≥ 1.0 10−3 ≥ 4.5 10−4
780.4 1.1(6) 10−2 4.8(26) 10−3
813.6 2.5(8) 10−3 1.1(3) 10−3
(a) the number in parenthesis is the error in the last digit.
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FIG. 9: States of 212Po decaying by enhanced E1 transitions,
the width of each arrow is proportional to the B(E1) value
(given in 10−3 W.u.).
E. Peculiarity of the 212Po level scheme obtained in
this work
A close examination of fig. 6 reveals that the same
basic structure arises three times, which expands above
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the I+ yrast states with I = 4, 6, 8 (the fact that this
was not observed above the 2+1 state in our experiment
can be due to the trigger level used to record the events).
This structure comprises:
• two I− states (drawn in magenta) which only decay
to the I+ yrast state via an enhanced E1 transition.
• one (I + 1)− (drawn in blue) which decays to the
I+ and (I + 2)+ yrast states, as well as to the two
I− states (drawn in magenta). Moreover, in two
cases, the decay to the low-lying (I + 2)− state is
also observed.
• two (I + 1)+ states (drawn in violet) which only
decay to the (I + 1)− states (drawn in blue) via an
enhanced E1 transition.
Such a feature gives confidence in the spin and parity as-
signments we have done using all the experimental results
reported in the previous sections.
F. α branching ratios
Several yrast states of 212Po were reported to partially
decay via α emission to the ground state of 208Pb, as the
corresponding α lines were clearly identified [39–42]. The
branching ratios given in column 4 of table IX are those
quoted in the last evaluation of the nuclear spectroscopic
information for the A=212 nuclides [43]. It is noteworthy
that the numbers for the 4+, 6+, and 8+ states are very
large, they come from the analysis of the β decay of the
9− isomeric state of 212Bi which populates excited states
of 212Po (see ref. [42]). The value, bα(8
+)∼ 42%, is well
greater than the one previously determined using α-γ
coincidence [40], bα(8
+)∼ 6%.
TABLE IX: α branching ratios (bα) of the first yrast states of
212Po given in the last evaluation of the nuclear spectroscopic
information for the A=212 nuclides [43]. The new values are
evaluated from refs. [39–41] as well as our results (see text).
The new values of Tα1/2 are given in the last column.
State Ipi T1/2 bα (%) T
α
1/2
(keV) ns from [43] new value ns
0 0+ 299(2) 100 100 299(2)
727 2+ 0.033 0.033
1132 4+ ∼ 27 ∼ 0.5
1355 6+ 0.76(21) ∼ 71 ∼ 3(1) 25(10)
1475 8+ 14.7(3) ∼ 42 ∼ 3(1) 490(150)
Large values of α branching ratios could easily be con-
firmed by intensity balances in our γ-spectra gated by at
least one transition lying in the top of the level scheme.
Indeed any α emission would lead to a loss of the to-
tal intensity (i.e. including electron conversion) of the
transitions located below the α emitting state. From the
analysis of such double-gated spectra, we did not confirm
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FIG. 10: Schematic representation of the α decay-lines of
212Po [43]. Values of α energies are given in MeV, whereas
those of γ-transition and level energies of 212Po are given in
keV.
any large value of bα: the five yrast transitions (357 keV,
120 keV, 223 keV, 405 keV and 727 keV) exhibit total
intensities which are constant within the error bars.
In order to go further, we have carefully exam-
ined the four papers published on this subject [39–42].
Baidsen et al. [39] measured three α-lines of energies
Eα = 9.89 MeV, 10.10 MeV, and 10.22 MeV (see fig. 10),
having relative intensities of 8%, 46%, and 46%, respec-
tively. These α lines were interpreted as the α-decays of
three excited states of 212Po, lying above 1 MeV excita-
tion energy. Simultaneously, from results of α − γ co-
incidences and half-life measurements, Lieder et al. [40]
established (i) a 10.18 MeV α line deexciting a state with
T1/2=14.2(24) ns in
212Po and (ii) several γ transitions
correlated in time with the 8.78 MeV α line emitted by
the ground state of 212Po. This led to the identification
of the 4+, 6+ yrast states (from the cascade 223-405-727)
and the 14.2 ns isomeric state was interpreted as the 8+
yrast state, at 1423 ± 30 keV from the energy balance of
the α and γ lines. Moreover, the intensities of the α and
γ transitions deexciting this new 8+ state were found to
be Iα=0.06(1) and Iγ=0.94(1), respectively.
This has been confirmed two years later from α − γ
coincidences [41], particularly the 120 keV transition de-
exciting the 8+ yrast state was measured for the first
time and the α transition deexciting the 8+ yrast state
was clearly resolved from the one deexciting the 6+ yrast
state, both with similar intensity, whereas the line asso-
ciated with the 4+ state was well weaker (in agreement
with results of ref. [39], above-mentioned).
At this stage, we can conclude that the 10.18 MeV
α line of ref. [40] is the doublet (see fig. 10) of the two
lines at 10.1 MeV and 10.2 MeV given in refs. [39, 41].
Thus the Iα value attributed at that time to the 8
+ yrast
state (6%) has to be divided by 2, the second part being
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ascribed to the α decay of the 6+ yrast state. These
results, which are quoted in column 5 of table IX, are now
in quantitative agreement with our intensity balances.
The result of the β decay of the 9− isomeric state of
212Bi made by Eskola et al. [42], which was adopted in
the last compilation [43], indicates very strong compo-
nents of α emission from the yrast states of 212Po which
were neither found in the previous experiment [40] nor
in our data set. Moreover, the α spectrum displayed in
that paper does not corroborate such a result, as the in-
tensity of the α group of ∼ 10 MeV is less than the one
corresponding to the 212Po ground state decay, by more
than one order of magnitude. So we can wonder whether
there is a misprint in ref. [42], the number of α decay
of the excited states being reversed with the one of the
ground state.
The new values of the α partial half-lives of the yrast
states are given in the last column of table IX, they will
be discussed in the next section in connection with the
cluster structure of the states.
IV. DISCUSSION
It would be very straigthforward to predict the struc-
ture of 212Po, with four nucleons outside 208Pb, in terms
of shell-model (SM) configurations, using the single-
particle states in the mean field of the doubly-magic core.
Nevertheless as the four nucleons are two protons and
two neutrons, we have also to take into account the four-
particle correlation leading to the formation of the α-
particle. In this section, we aim to isolate the effects of
four-particle correlations on the properties of the excited
states of 212Po (excitation energy, spin and parity, de-
excitation modes). For that purpose, we use empirical
arguments from the comparison with the neighbouring
isotopes and isotones which are mainly described within
SM configurations.
Figure 11 displays most of the 212Po states observed
in the present work, grouped as a function of their un-
derlying structures which are reviewed by turns:
• the yrast positive-parity states (in black) are dis-
cussed in terms of two-particle excitation, as their
excitation energy as a function of angular momen-
tum follows the typical curve expected in case of
pair breaking [44]. Nevertheless several features
point out the simultaneous effect of four-particle
correlations (sects. IVA and IVB)
• the negative-parity states (in blue) involve the cou-
pling of the low-lying 3− octupole vibration to the
excitation of the valence neutrons (sect. IVC)
• the non-natural parity states (in magenta, orange,
and violet) are the fingerprints of the ’α + 208Pb’
structure (sect. IVD).
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FIG. 11: (color online) Excitation energy as a function of an-
gular momentum of most of the 212Po states observed in the
present work (they are displayed in figs. 5 and 6 using the
same colors). Each state drawn with a filled circle (magenta,
orange, and violet) decays by an enhanced E1 transition to-
wards the state with the same angular momentum.
A. Is the nucleon-pair breaking the unique
excitation mode of 212Po at low energy?
The first excited states of 210Pb128 and
210
84Po are
text-book examples of residual interaction in a two-
particle configuration, namely (νg9/2)
2 and (pih9/2)
2, re-
spectively. While the energy interval of the whole multi-
plet extends over 1557 keV for the two-proton case, the
one of the two-neutron configuration is more compressed
(1278 keV) (see the top part of fig. 12). That is directly
connected to the energies of the residual interactions, as
discussed below.
The structure of the first levels of 21284Po128 (see fig. 12)
would be described as a superposition of the excitations
known in its two even-even neighbours. The low energy
of the 2+1 state (727 keV) indicates that the (νg9/2)
2 part
of its wave function is likely stronger than the (pih9/2)
2
one. The fact that the neutron pair breaks more easily
than the proton one beyond the doubly-magic nucleus
208Pb, is corroborated by the empirical values of the pro-
ton (neutron) pairing energies extracted from the mea-
sured binding energies of the ground states of the odd-Z
(odd-N) nuclei surrounding 212Po. In order to avoid the
effect of the extra binding energy of the doubly-magic nu-
cleus 208Pb, we use the three-point formula [45], defining
a local average of the masses of two odd-A nuclei which is
compared with the observed mass of the even-even 212Po
nucleus:
∆(3)p (84) = BE(84, 128)−
1
2
[BE(83, 128)+BE(85, 128)]
(3)
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FIG. 12: Top: First excited states of 210Pb, 210Po, and
212Po, the three 8+ levels are isomeric (T1/2 = 201(17) ns,
98.9(25) ns, and 17.1(2) ns, respectively). Bottom: First ex-
cited states of 134Sn, 134Te, and 136Te. The 6+ levels of 134Sn
and 134Te are isomeric (T1/2 = 80(15) ns and 164.1(9) ns,
respectively).
∆(3)n (128) = BE(84, 128)−
1
2
[BE(84, 127)+BE(84, 129)]
(4)
The neutron pairing energy, ∆
(3)
n = 826(2) keV, is lower
than the proton one, ∆
(3)
p = 1150(3) keV, by ∼ 320 keV3.
Noteworthy is the fact that a similar situation occurs
in other nuclei located just above the doubly-magic core
of 132Sn (see the bottom part of fig. 12). Firstly, the
two-neutron configuration of 134Sn leads to a more com-
pressed level scheme than the two-proton configuration
of 134Te. Secondly, the low energy of the 2+1 state of
136Te occurs in concert with a low value of the neutron
pairing energy. The three-point formula give ∆
(3)
p (52) =
1320(60) keV and ∆
(3)
n (84) = 730(82) keV. Thus the neu-
3 The same difference is obtained when computing ∆
(3)
p (84) asso-
ciated to 210Po and ∆
(3)
n (128) associated to
210Pb.
tron pair breaks more easily than the proton one and the
2+1 wave function of
136Te should contain a large compo-
nent of neutron excitation. Such a scenario is strength-
ened by the B(E2; 0+ → 2+1 ) values, which have been
recently measured by Coulomb excitation in inverse kine-
matics [46]. The value obtained in 134Te (4.7(6) W. u.) is
stronger than the 134Sn one (1.4(2) W. u.), as expected
from their different excitation processes (breaking of a
proton pair versus a neutron pair). Moreover the re-
sult obtained in 136Te has confirmed that the wave func-
tion of its 2+1 state mainly comes from neutron excita-
tion [47, 48].
Unfortunately the leading role of neutron excitation in
the wave function of the 2+1 state of
212Po cannot be val-
idated by the value of the B(E2) reduced transition, as it
is not known. Nevertheless the comparison of the B(E2)
values within the seniority-2 states of the three neigh-
bours is especially instructive in this respect (see fig. 13).
As expected, the values of 210Po are larger than those of
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FIG. 13: (color online) Experimental values of the reduced
transition probabilities B(E2; I → I-2) of the first yrast
states of 21082Pb128 (ref. [28]),
210
84Po126 (ref. [28]), and
212
84Po128
(ref. [4] and this work). The theoretical values of 212Po come
from shell-model approach [4], and from α-208Pb cluster mod-
els (Cluster1 from ref. [10], Cluster2 from ref. [12]).
210Pb, owing to their different excitation processes (pro-
ton pair versus neutron pair). Similarly the values of the
6+1 state and 8
+
1 state of
212Po, calculated using the shell-
model approach [4] (see the empty circles in fig. 13) are
low since these states are predicted to come mainly from
neutron excitation, as above-mentioned. On the other
hand, the measured values (ref. [28] and this work for
the new values of the α / γ branching ratios) are greater
than the calculated ones by one order of magnitude, im-
plying that these 6+1 and 8
+
1 states are complex. Even
though their energies are rather well reproduced from the
sole two-neutron excitation, other excitation modes have
to be taken into account, such as the α + 208Pb clus-
ter states which lead to very large values of B(E2) as
displayed in fig. 13.
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Before closing this section, we want to recall what
SM configurations were attributed to the high-spin yrast
states [4]. The excitation of one neutron to the second
orbit above the magic number gives the νg9/2νi11/2 con-
figuration, whereas the excitation of one nucleon to the
first intruder orbit above the magic numbers gives either
νi11/2νj15/2 or pih9/2pii13/2. Thus, we expect three mul-
tiplets of states with spin values Ipi = 1+ to 10+, 2− to
13−, and 2− to 11− respectively. Since the two nucle-
ons have the same character (particle-particle), the en-
ergies of the states having the extreme spin values (1+
and 10+, 2− and 13−, and 2− and 11− respectively) are
the most lowered by the residual interactions. That pro-
vides reliable assignments for the yrast states located at
1832 keV (10+), 2769 keV (13−), and 2409 keV (11−).
It is worth pointing out that in the framework of the
SM approach, the levels with Ipi = 4− to 9− are ex-
pected above 2409 keV, the energy of the lowest negative-
parity level. As for the higher spin values (I > 10+), they
are obtained from the simultaneous excitation of the two
pairs of nucleons, (νg9/2)
2 ⊗ (pih9/2)2 (Imax = 16+) or
(νg9/2νi11/2)⊗ (pih9/2)2 (Imax = 18+).
B. Are the α-decays of 212Po enhanced ?
Besides its ground state which decays by α emission,
212Po has several excited states which are also α emitters,
some of the partial half-lives are given in the last column
of table IX (sect. III F). The present section is devoted to
the comparison of the α-emission probabilities of 212Po to
those of the neighbouring isotopes and isotones in order
to show empirically that the cluster structure, α + 208Pb,
plays an important role in the process.
The well-known Geiger-Nuttall plots show the corre-
lation between the decay half-life and the energy of the
emitted α:
log10T1/2 = aE
−1/2
α + b (5)
The parameters are usually obtained by fitting the data
associated to the ground states of nuclei of each isotopic
series. It is important to note that when an isotopic
series crosses a neutron magic number, such as N=126,
the results separate into two groups, each one having its
own parameters [49]. In parallel, intensive works have
been done in order to obtain a universal description of α
decays, as well as cluster radioactivity (see, for instance,
the new law recently published in ref. [50]).
For our purpose, we have only used the data associated
to nuclei with N=130-136 of four isotopic series (84Po,
86Rn, 88Ra, 90Th), excluding the nuclei of interest, the
N=128 isotones. The values of the two coefficients of the
Geiger-Nuttall relations (eq. 5) are given in table X and
the fits are drawn in fig. 14. The half-life values extend
over 10 orders of magnitude, thus we give a zoom on the
behaviour of the four N=128 isotones, in the inset of
fig. 14. Their measured α half-lives are greater than the
TABLE X: Values of the two coefficients of the Geiger-Nuttall
relations (eq. 5) describing the α-decay half-lives of the ground
states of nuclei having N ≥ 130. The last column gives the
value of the hindrance factor (HF) of each N=128 isotone (see
text).
N a b HF(N=128)
90Th 130-136 139.4±1.4 -51.98±0.50 1.4
88Ra 130-136 136.1±0.9 -51.50±0.35 1.8
86Rn 130-136 131.9±1.5 -50.84±0.58 2.2
84Po 130-134 128.8±0.4 -50.30±0.16 2.3
0.31 0.33 0.35 0.37 0.39 0.41 0.43
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FIG. 14: (color online) Geiger-Nuttall relations for four sets of
isotopes (84Po, 86Rn, 88Ra, 90Th) having N=130-136 (filled
symbols). The experimental data forN=128 are drawn with
empty symbols. The inset gives a zoom on the four fits to em-
phasize the behaviour of the N=128 isotones, 218Th (triangle
left), 216Ra (triangle up), 214Rn (triangle down) and 212Po
(circle).
values expected from the fits (each empty symbol lies
above the corresponding line), allowing us to calculate
the hindrance factors (HF), i.e. the ratio of the experi-
mental half-life and the extrapolated value (given in the
last column of table X). Equation (5) mainly accounts for
the α tunnelling through the potential barrier, but does
not take into account any variation of the probability of
α formation in the parent nuclei. Actually the quality
of the fits shown in fig. 14 proves that this probability
remains almost the same along an isotopic series as soon
as at least two pairs of neutrons are available (i.e. N≥
130). On the other hand, the hindrance factors of the
N = 128 isotones (HF > 1) mean that it is more difficult
to form an α particle in the parent nuclei which have only
two neutrons above a magic number. As seen in the last
column of table X, the HF values increase regularly as Z
is decreasing from Z = 90 to 86, while the value for 21284Po
is almost the same as the 21486Rn one. This means that
the 212Po half-life is smaller than expected from the be-
haviour of its heavier isotones. Such a result is likely due
to a greater value of the probability of α formation in the
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212Po ground state, a sign of its cluster structure, α +
208Pb. It is worth recalling that the amount of clustering
predicted by an hybrid model comprising both shell and
cluster configurations [8] is high (30%).
Using the partial half-lives given the last column of
table IX, the HF values of two excited states of 212Po
can be computed as well, HF(6+1 ) = 1.8 × 102 and
HF(8+1 ) = 6.0 × 103. In those cases, because of the
conservation of the total angular momentum, the alpha
emission occurs at non-zero value of orbital angular mo-
mentum, giving rise to a centrifugal potential which in-
creases the potential barrier and slows down the tun-
nelling process [51]. It would have been interesting to
make quantitative comparisons with transitions involving
similar variations of angular momentum in neighbouring
nuclei, in order to look for hint of cluster structure in
these excited states. Unfortunately the number of cases
available in the literature [28] is too scarce.
Finally we have to note that the new values of the
α branching ratios of the 4+1 , 6
+
1 and 8
+
1 states given in
table IX are in good agreement with the predictions of the
α-cluster models of 212Po (see for instance refs. [10, 12]).
C. Excitations due to an octupole mode in 212Po
The octupole mode is well known in the heavy nuclei.
It gives rise to the lowest excited state of 208Pb, with
E = 2.614 MeV and Ipi = 3−, the E3 transition towards
the ground state being collective, B(E3) = 33.8(6) W.u..
The structure of this octupole vibration comprises many
coherent particle-hole excitations across the two magic
gaps at Z = 82 and N = 126 involving several single-
particle orbits with ∆l = 3. When the Fermi levels are
located well above these two gaps, namely for N ∼ 134
and Z ∼ 88, the octupole mode is enhanced because of
strong octupole couplings between two pairs of orbits
(νg9/2 − νj15/2 in the one hand, pif7/2 − pii13/2 in the
other hand).
In between, there are various mixings of the 3− excita-
tion of the 208Pb core and the single-particle excitations
from these pairs of orbits. For instance, in 210Pb, the
3− collective excitation of the core and the 3− state of
the νg9/2 − νj15/2 configuration, expected close in en-
ergy, are so strongly mixed that the measured octupole
strength is split into two states 1 MeV apart (1869 keV
and 2828 keV). They account for the full B(E3) inten-
sity which has been observed in 208Pb and as they share
this intensity in the ratio 2:1 [52], the energy of the 3−
collective excitation can be computed, E ∼ 2.2 MeV.
Moreover, one can expect that adding nucleon pairs
to 208Pb would result in a greater softness of the collec-
tive 3− octupole mode, with a lowering of its energy well
below 2.614 MeV. This was put forward in order to ex-
plain the behaviour of the E3 strength in the N = 127
isotones, in the framework of particle-octupole vibration
coupling [53]. The evolution of the excitation energy of
the 3− collective state is displayed in fig. 15, both as a
function of Z and as a function of N . The decrease in en-
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FIG. 15: (color online) Evolution of the excitation energy of
the 3− collective excitation when adding nucleon pairs to the
208Pb doubly-magic core (marked with a star), as a function
of the proton number (a) and of the neutron number (b).
ergy is linear when adding proton pairs or neutron pairs
to the doubly-magic core. The slope is ∼ 220 keV per
proton pair (see the blue solid line in fig. 15a) and ∼ 400
keV per neutron pair (see the blue dotted line in fig. 15b).
On the other hand, the decrease is stronger when adding
both proton pairs and neutron pairs (see the slopes of
the red or green lines).
The case of 212Po seems peculiar as shown by the break
in the red dotted line (see fig. 15b). When assuming
a linear behaviour as a function of neutron number for
Z = 84, the energy of its 3− state would be 300 keV
higher than measured. This is more likely the result of
some mixing. It could involve the νg9/2 − νj15/2 config-
uration as in 210Pb, discussed above. Nevertheless the
effect of the cluster structure, α + 208Pb, should not be
neglected. It is worth pointing out that the 10.302 MeV
α-ray, observed in ref. [41], that defines an excited state
at 1547(10) keV [28] could be assigned to the 3− state
at 1537 keV. The fact that the α-emission can compete
with the γ decay would be a sign of a cluster part in the
wave function of the 3− state.
At higher excitation energy, we can expect negative-
parity states from the coupling of the 3− collective state
to the valence nucleon excitation. In principle, several
multiplets of states should be grouped at excitation en-
ergies given by the 3− energy and the positive-parity
yrast spectrum. Because of the residual interactions, the
multiplets are no longer degenerated in energy and the
highest-spin states of each multiplet would be the lowest
ones. Such a behaviour is well known in the region of
146Gd, where the octupole excitation also plays an im-
portant role.
The yrast states of 148Gd with two valence neutrons
outside the 146Gd core nucleus have been identified and
discussed in terms of spherical shell model and couplings
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of two valence nucleons to one octupole phonon [54]. The
four lowest yrast states up to 6+ arise from the νf27/2
configuration (see the left part of fig. 16). The coupling of
this configuration to the 146Gd 3− core phonon gives rise
to a lot of negative parity levels. Some of them are mixed
with the states from the excited νf17/2νi
1
13/2 configuration
which gives a multiplet of eight states (3− ≤ Ipi ≤ 10−).
As a result, the first states with negative-parity display
a characteristic behaviour, one branch is formed by the
first states having the odd values of angular momentum,
while the first states having the even values are located
slightly higher in energy (see the blue symbols in the left
part of fig. 16). Lifetimes of excited states in 148Gd were
measured [55]: all the B(E1) values of the transitions
linking the negative-parity states with odd spin values
to the positive-parity yrast states are around 10−5-10−6
W.u., i.e. within the ”normal” range.
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FIG. 16: (color online) Left: Excitation energy, as a function
of angular momentum, of some states of14864Gd84, which can
be interpreted in terms of spherical shell-model configurations
(black symbols) and couplings of two valence nucleons to one
octupole phonon (blue symbols), from ref. [54]. Right: Similar
states of 21284Po128 observed in our experiment.
It is worth pointing out that the two neutron shells
involved in 148Gd have their counterparts in 212Po, with
one unit larger angular momenta l and j ( νf7/2 → νh9/2
and νi13/2 → νj15/2). This allows us to make reliable
extrapolations to the case of 212Po. The comparison be-
tween the left and the right parts of fig. 16 indicates
unambiguously that the branch comprising the 5−, 7−,
and 9− states comes mainly from the couplings of two va-
lence nucleons to one octupole phonon. Moreover, four
states with even-spin values (at 2003, 2363, 2604, and
2780 keV), which decays the odd-I states, probably form
the second branch of negative-parity states in 212Po as
observed in 148Gd (see the blue open squares in fig. 16).
D. Cluster structure of the low-lying states of 212Po
Many theoretical works were devoted to the calcula-
tions of low-lying states of 212Po assuming an unmixed
α-208Pb cluster structure (see for instance refs. [9–12]),
the potential being either phenomenological with differ-
ent forms (such as square well, cosh potential, or a mod-
ified Woods-Saxon function), or obtained from a double
folding procedure (i.e. the real part of the optical po-
tential giving a good description of the α + 208Pb scat-
tering). In both cases, the numerical values of some free
parameters were determined to reproduce the energies of
the yrast states of 212Po, either exactly [9–11] or at the
best [12]. It is worth pointing out that without these
free parameters, all the predicted spectra of the yrast
states are inverted (the highest-spin states lying below
the lowest-spin ones, at variance with the experimental
data). The main success of these calculations (as men-
tioned above, at the end of sect. IVA and fig. 13) is the
better description of the B(E2) values inside the ground-
state band, indicating that the wave-function of the yrast
states having even-I and positive-parity values do possess
some cluster content.
1. Enhanced E1 transitions
A major result of the present work is the observation of
many strongly enhanced E1 transitions connecting sev-
eral excited states to the yrast ones, having the same
spin values (see fig. 9). Moreover as outlined above (at
the end of sect. IVA), non-natural parity states, such as
4−, 6−, and 8−, are not expected below 2.4 MeV excita-
tion energy in the SM approach.
Enhanced B(E1) values are commonly found in nuclei
exhibiting an electric dipole moment, such as light nuclei
described in terms of a bimolecular system rotating about
its center of mass, or heavy nuclei displaying octupole
deformation [56, 57]. Some typical values are shown in
fig. 17 using filled symbols (Sm isotopes with N ∼ 90,
225Ra and 225Ac [28], cluster states of 18O [58]). They are
one order of magnitude greater than those of transitions
measured in octupole-vibrational nuclei, such as 148Gd,
225Ac, 231Th, 231Pa (shown with empty symbols) and
three orders of magnitude greater than those of single-
particle transitions in Bi isotopes.
More generally, when a nucleus clusterizes into frag-
ments with different charge to mass ratios, the center
of mass does not coincide any more with the center of
charge, and a sizeable static E1 moment may arise in the
intrinsic frame [59]. The dipole moment is
D = e(Z1 + Z2)[
Z2
(Z1 + Z2)
− A2
(A1 +A2)
]× q (6)
where the parameter q is the distance between the centers
of mass of the two fragments (see Eq. (1) of Ref. [59]).
Assuming two spheres in contact, the dipole moment of
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FIG. 17: (color online) Values of B(E1) transition rates (in
Weisskopf units) for typical cases: Transitions in octupole-
deformed and octupole-vibrational nuclei, transitions between
single-particle states, and transitions involving cluster states.
the α+14C system is 0.9 efm and very large values of E1
rates have been found in 18O [58] (see the blue symbols
in fig. 17). In the same way, the value of the α+208Pb
system is as large as 3.7 efm, which would lead to very
enhanced E1 transitions. It is worth noting that the E1
rates measured in the present work (shown with the red
filled symbols in fig. 17) are definitely located in the top
part of the figure. This shows the ’α+208Pb’ structure of
the even-I negative-parity states, which can be considered
as pure cluster states since they are too low in energy to
be accounted for using the SM approach (see the end of
sect. IVA).
One way of characterizing the cluster content of states,
which has been commonly done for the light nuclei, is
measuring their α-decay width. Because of their non-
naturalα parity, the α-decay of the 212Po cluster states
to the 208Pb ground state is expected to be forbidden
(parity violation), although the energy factor would be
very favourable. On the other hand, the α-decay of the
212Po cluster states to the 3−1 excited state of
208Pb is
allowed. Nevertheless the available energy for such an
α emission is so low that the α-decay cannot compete
with the very enhanced γ-decays, measured in the present
work.
2. A possible model
Following the ansatz of Ref. [8] dealing with the ground
state of 212Po and taking into account the conclusions
of the previous sub-sections, we suppose that the wave
function of every excited state of 212Po can be written as
the sum of two parts:
Ψtot(Ipi) = a ΨSM (Ipi) + b Ψcluster(Ipi) (7)
where ΨSM stands for the pure shell-model piece and
Ψcluster takes account of the α clustering. This is the
same as in our previous work [13] with this difference
that here we formulate the latter using a more micro-
scopic point of view. It may be obtained from a GCM
calculation in the following way,
Ψcluster =
∫ ′
dqf(q)|HFB(q)〉|N,Z, (8)
where the indices N,Z indicate that the HFB wave func-
tion is projected on good particle number (neutrons and
protons). The variable q indicates the very asymmetric
fission path of the α particle on its way to disintegration.
In the end of the process, q will correspond to the rel-
ative distance of the c.o.m. coordinates of the Pb core
and the α particle. In fig. 18 we show a series of typical
”Pb + α” shapes which |HFB(q)〉 should contain as a
function of q (we agree that such shapes would be dif-
ficult to create technically: It is like a very asymmetric
fission calculation).
FIG. 18: Typical 208Pb +α shapes as a function of the dis-
tance between their center of mass.
One should be aware of the fact that |HFB(q)〉 ex-
pressed in terms of excitations of the spherical 208Pb core
+ valence particles contains complicated many particle-
many hole configurations (many quasi-particle configura-
tions) such as, e.g. 5p-1h, 6p-2h,...9p-5h, etc., creating
the cluster configuration. We put a prime on the inte-
gration sign to indicate that we took out of the sum the
4p-0h shell-model configurations, ΨSM , which we wrote
formally apart in eq. 7 in order to ease discussions below.
After minimisation of energy with respect to the am-
plitudes f(q) the corresponding GCM Schroedinger equa-
tion will supposedly contain a typical double-well poten-
tial for the α particle sitting on the right or left hand
side of the Pb core. We suppose that the individual po-
tential wells are deep enough to accomodate two states,
the ground state and an excited state (ν= 0 and 1). The
excited state may be interpreted as a vibration of the α
particle against the 208Pb core. The finite barrier will
allow for tunnelling and the left-right degeneracy will be
lifted to give rise to four different states with alternating
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parities,
ϕ±0,1 =
1√
2
[ϕR0,1 ± ϕL0,1]. (9)
The next step is to project the four wave functions on
good spin value. We surmise that the small α-grain on
top of 208Pb perturbs sphericity only slightly. It will
produce double-well scenarios weakly depending on spin.
This naturally will produce for each spin quadruplets of
states with alternating parities, i.e. four components
Ψcluster0,1 (I
±) for eq. 7. Let us mention that spin pro-
jection also takes care of the l = 1 mode where the α
particle vibrates against the Pb core.
These four cluster states still have to be mixed and
orthogonalized with the SM configurations as indicated
in eq. 7. Among the low-lying quadruplet of states be-
longing to the yrast band, only the positive-parity states
will be affected. Actually the mixing may be relatively
strong (it is predicted that the ground state contains
about 30% alpha-cluster configuration [8]) pushing the
other positive parity states up into energy regions where
the highest member is yet to be detected. This also even-
tually explains why the natural order of +, -, +, - parities
is changed to +, -, -, +. This picture qualitatively ex-
plains the experimental situation for the quadruplet of
states of even spin comprising the ones of the yrast band
(see fig. 11a). One easily imagines that the projection
on odd-spin values creates states at higher energy, since
already at sphericity the odd-spin, negative-parity states
are above the ones with even spins. Therefore, the whole
scenario shown in fig. 11 could find a natural explanation
within the above lines of thought.
To be slightly more specific, let us discuss a com-
pletely phenomenological model imitating schematically
the GCM calculation. The deformation Hamiltonian is
then
H
(I)
coll = −
~
2
2M
∂2
∂q2
+ V (q) (10)
where M is an adjustable inertia, depending eventually
on spin and V (q) is a double-well potential which for con-
venience may be taken as a double-oscillator potential, a
typical textbook example [60], which is sketched in the
top part of fig. 19. The barrier penetration, which is a
function of the q0 value, leads to the energy splittings of
the ϕ±0 and ϕ
±
1 eigenstates (cf. eq. 9): The relative en-
ergies of these four states are drawn in the bottom part
of fig. 19.
The potential parameters also may depend on spin
stemming from the spin projection. Using the dipole op-
erator, as defined in eq. 6 and supposing that the cluster
configuration of the even-parity yrast states is admixed
with 30 percent, we get a right order of magnitude for
the B(E1) values. Making the oscillator length of the
potential slightly spin dependent, we also can reproduce
the falling tendency of B(E1) vs ∆E(I) (see fig. 9) rather
accurately.
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FIG. 19: Top: V (q) for a double-oscillator potential. Bot-
tom: Relative energies, versus the distance between the two
minima, for the four lowest eigenstates of the double oscil-
lator. When q0 = 0, the eigenvalues are those of a simple
harmonic oscillator. When the two wells are completely sepa-
rated, (large value of q0), the energies of ϕ
±
0 are degenerated,
as well as those of ϕ±1 . The vertical line indicates the four
energies obtained for a typical value of q0.
The above scenario remains on a very schematic level.
It should be verified by more microscopic studies which
are planned for the future.
3. Outlook
The oscillatory motion of the α-core distance around
the equilibrium position is proposed for the first time.
This would be a novel manifestation of α-clustering,
never noticed in light systems. In those cases, the α-core
system can rotate collectively about its center of mass
(for a review of the so-called nuclear molecules, see [61])
and it is probably difficult to isolate an oscillatory mo-
tion, if any.
In the chart of nuclides, there are two cases similar to
212Po: 10452Te as ’α+
100Sn’ and 13652Te as ’α+
132Sn’. These
α-core systems fulfill the two prerequisites:
• The ground state of the composite nucleus is above
or close to the α-decay threshold (cf. the Ikeda
diagram displayed in fig. 1 of ref. [61]).
• The center of mass of the α-core system is nearly
merged with the center of the spherical core, so as
the system cannot rotate collectively.
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Having the same value of dipole moment as 212Po, 136Te
should exhibit enhanced electric dipole transitions. On
the other hand, the decay of the cluster states of 104Te
should be different since the E1 transitions are hindered
as there is no shift between the center of charge and the
center of charge, the two clusters having N = Z. Thus
the α emission could compete for their decay.
One may speculate that adding more α’s to the 208Pb
core, like, e.g. two α’s to give 216Rn, may exhibit similar
physics. For example the two α’s may move coherently
as a 8Be and then the present scenario may repeat itself
partially, or the two α’s may move independently and,
then, more complex structures can be expected.
V. SUMMARY AND CONCLUSIONS
In summary, we have used the transfer of an α-particle
induced by a heavy-ion beam at very low energy to pop-
ulate excited states of 212Po. The level scheme has been
extended up to ∼ 3.2 MeV excitation energy. The γ an-
gular distributions and γ − γ angular correlations have
been analyzed in order to assign spin and parity values to
many observed states. Several γ lines with Eγ < 1 MeV
have been found to be strongly shifted and broadened by
the Doppler effect, allowing for the measurements of the
corresponding lifetimes by the DSAM method. The val-
ues, found in the range [0.1-0.6] ps, lead to very enhanced
E1 transitions.
The excited states of 212Po can be distributed among
two groups:
• The first one comprises all the states having nat-
ural parity. They bear strong resemblance with
those identified in the neighbouring isotopes and
isotones and can be explained in terms of single-
particle excitations dealing with the neutron and
proton orbits lying close to the Fermi levels, as well
as their coupling to the 3− octupole vibration. Nev-
ertheless more stringent analysis reveals that sev-
eral properties (such as B(E2) transition probabil-
ities or α-emission probabilities) are not accounted
for by such an interpretation.
• The second one comprises many states having non-
natural parity which are mainly grouped into 2 sets,
a first one with even-I values around 2 MeV exci-
tation energy and a second one with odd-I values
around 3 MeV. These levels only decay to the yrast
states having the same I value, by very enhanced
E1 transitions (B(E1) ∼ 2×10−2 – 1×10−3 W.u.).
They are the fingerprints of the ’α+208Pb’ struc-
ture.
Such an ’α+core’ structure is observed for the first
time. It could be also identified in two other systems,
104
52Te as ’α+
100Sn’ and 13652Te as ’α+
132Sn’. While these
two Te isotopes are located very far from the stability
valley, they could be close at hand, thanks to the new
worldwide facilities soon available.
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